UDP-galactopyranose mutase (UGM) plays an essential role in galactofuranose biosynthesis in microorganisms by catalyzing the conversion of UDP-galactopyranose to UDP-galactofuranose. The enzyme has gained attention recently as a promising target for the design of new antifungal, antitrypanosomal, and antileishmanial agents. Here we report the first crystal structure of UGM complexed with its redox partner NAD(P)H. Kinetic protein crystallography was used to obtain structures of oxidized Aspergillus f umigatus UGM (AfUGM) complexed with NADPH and NADH, as well as reduced AfUGM after dissociation of NADP + . NAD(P)H binds with the nicotinamide near the FAD isoalloxazine and the ADP moiety extending toward the mobile 200s active site flap. The nicotinamide riboside binding site overlaps that of the substrate galactopyranose moiety, and thus NADPH and substrate binding are mutually exclusive. On the other hand, the pockets for the adenine of NADPH and uracil of the substrate are distinct and separated by only 6 Å, which raises the possibility of designing novel inhibitors that bind both sites. All 12 residues that contact NADP(H) are conserved among eukaryotic UGMs. Residues that form the AMP pocket are absent in bacterial UGMs, which suggests that eukaryotic and bacterial UGMs have different NADP(H) binding sites. The structures address the longstanding question of how UGM binds NAD(P)H and provide new opportunities for drug discovery. Figure 1. (A) Reaction catalyzed by UGM. (B) Catalytic scheme indicating the PDB codes of AfUGM crystal structures. Asterisks denote the structures reported here.
■ INTRODUCTION
UDP-galactopyranose mutase (UGM) catalyzes the conversion of UDP-galactopyranose (UDP-Galp) to UDP-galactofuranose (UDP-Galf), which is a central step in Galf biosynthesis ( Figure  1A ). 1 The enzyme has attracted interest as a drug target because Galf is an essential building block of the cell wall and extracellular matrix of many bacteria, fungi, and protozoa, but Galf and UGM are absent in humans. In particular, eukaryotic UGMs have emerged recently as targets for the design of antifungal, antitrypanosomal, and antileishmanial agents. 2−4 For example, gene deletion studies have shown that UGM is essential for the virulence of the pathogenic fungus Aspergillus f umigatus and the protozoan parasite Leishmania major. 5, 6 Thus, there is interest in characterizing the ligand binding sites of UGMs to facilitate drug discovery.
UGM is an atypical flavoenzyme in that it does not catalyze an oxidation−reduction reaction, and thus the flavin redox state is unchanged by the transformation of substrate to product. 7 Rather than serving as a redox center, the flavin cofactor in UGM is a nucleophile that attacks the anomeric carbon atom of the substrate (C1 in Figure 1A ). 8−10 The role as nucleophile requires that the flavin be reduced (FADH − ) in the resting state of the enzyme.
The requirement of FADH − in UGM raises the question of what is the physiological reductant of the enzyme. Reduced nicotinamide adenine dinucleotides (NAD(P)H) are logical candidates because of their ubiquity in biology and known reactivity with a multitude of flavoenzymes, including flavin reductases and flavin monooxygenases. 11 Indeed, early studies showed that NADPH and NADH reduce UGM from Klebsiella pneumoniae, albeit relatively slowly. 12, 13 More recently, we showed that NADPH and NADH are effective redox partners of Trypanosoma cruzi UGM (TcUGM). 10 These studies suggest that reduced nicotinamide adenine dinucleotides may be the physiological reductant of some UGMs. However, an NAD(P) H binding motif is not evident in UGM sequences, and the location of the NAD(P)H binding site has remained elusive despite the availability of dozens of crystal structures of bacterial 14−19 and eukaryotic 20−22 UGMs. To address this outstanding issue of UGM biochemistry, we have determined the crystal structures of UGM from the pathogenic fungus Aspergillus f umigatus (AfUGM) complexed with NADPH and NADH.
■ EXPERIMENTAL SECTION
Crystal Soaking Experiments. Methods for the crystallization of oxidized AfUGM have been described; 20 see Supporting Information for details. Kinetic protein crystallography 26 was used to determine structures of oxidized AfUGM (AfUGM o ) complexed with NADPH or NADH and of reduced AfUGM (AfUGM r ) after dissociation of NADP + . The soaking time and reductant concentration were varied to find appropriate soaking conditions. The AfUGM o -NAD(P)H complexes were obtained by soaking the crystals for ∼1 min in cryobuffer (1.4 M ammonium sulfate, 0.1 M sodium acetate, and 25% ethylene glycol at pH 4.5) containing 120−140 mM NADPH or NADH prior to flash-cooling in liquid nitrogen. The crystals remained yellow during this relatively short soaking time, which is consistent with the oxidized state of the FAD. The structure of AfUGM r without NADP + bound was determined from a crystal soaked for 30 min in the cryobuffer containing 100 mM NADPH. Over this time scale, the yellow color was completely bleached, which is indicative of full reduction of the crystalline enzyme.
X-ray Diffraction Data Collection and Refinement. Diffraction data were collected on beamlines 24-ID-C and 24-ID-E of the Advanced Photon Source. The data were integrated using XDS 27 and scaled with SCALA. 28 Data processing statistics are listed in Table 1 . Crystallographic refinement calculations were initiated from coordinates derived from the 2.25 Å resolution structure of AfUGM (Protein Data Bank (PDB) code 3utf). These calculations were performed with PHENIX, 29 and the B-factor model consisted of an isotropic B-factor for each atom and TLS refinement using one TLS group per protein chain. NCS restraints were used in the refinement of the 2.75 Å resolution structures. COOT was used for model building. 30 The ligand occupancy (q) was estimated by inspecting the ligand B-factors after refinements performed with the ligand occupancy fixed at various values. The optimal occupancy was chosen as that which produced ligand B-factors that were commensurate with the average B-factor of the structure. Refinement statistics are listed in Table 1 . Coordinates and structure factor amplitudes have been deposited in the PDB under the accession numbers listed in Table 1 .
Mutagenesis and Kinetics. Site-directed mutants of AfUGM were created using the QuikChange Site-Directed Mutagenesis Kit (Stratagene) following the protocol supplied by the manufacturer. All mutant enzymes were expressed and purified following the procedures for AfUGM. 31 AfUGM and AfUGM mutant enzymes were analyzed using stopped-flow kinetics experiments as described previously for TcUGM. 10 In these experiments, the enzyme and NAD(P)H were mixed under anaerobic conditions at 15°C and pH 7.0, and the reaction was monitored using the flavin absorbance at 452 nm. The time course of the absorbance was fit to a single exponential to obtain an observed rate constant, k obs . Kinetic parameters for the reduction of the enzyme by NAD(P)H were obtained by fitting the k obs values to the equation, k obs = k red [NAD(P)H]/(K d + [NAD(P)H]), where k red is the rate constant for flavin reduction, and K d is the dissociation constant for NAD(P)H. The synthesis of deuterated coenzymes for kinetic isotope effect (KIE) measurements is described in the Supporting Information.
■ RESULTS
Kinetics of Enzyme Activation by NAD(P)H. We first established that NAD(P)H reduces AfUGM ( Table 2 ). The rate constant for reduction (k red ) by NADPH is 3 s −1 , and the dissociation constant for NADPH (K d ) is 25 μM. The catalytic efficiency for NADPH is thus 120,000 M −1 s −1 , which is 20 times higher than that of TcUGM 10 (k red = 0.6 s −1 , K d = 98 μM, k red /K d = 6000 M −1 s −1 ). The kinetic constants for the reaction of AfUGM with NADH are k red of 0.2 s −1 and K d of 260 μM (k red /K d = 670 M −1 s −1 ). These results show that NAD(P)H activates AfUGM in vitro and that AfUGM, like TcUGM, exhibits a preference for NADPH.
The stereochemistry of hydride transfer for AfUGM was determined using KIE measurements ( Supplementary Table  S1 ). When the pro-R H atom was substituted with D, KIE values on flavin reduction of 3.0 ± 0.1 and 6.0 ± 0.7 were observed for NADPH and NADH, respectively. In contrast, a KIE value of 0.93 ± 0.03 was measured when pro-S NADPD was used to reduce AfUGM. These results show that the pro-R hydride of NADPH is transferred to AfUGM. KIE measurements also indicate pro-R stereochemistry for TcUGM ( Supplementary Table S1 ). NAD(P)H Binding Site. Kinetic protein crystallography 26 was used to obtain structures of AfUGM relevant to enzyme activation by NADP(H) ( Figure 1B ). Short soaks (<1 min) of crystals in ∼100 mM NAD(P)H followed by freeze-trapping in liquid nitrogen yielded 2.75 Å resolution structures of the oxidized enzyme (AfUGM o ) complexed with NADPH and NADH. The two structures are very similar and have a root- Figure 2B ). The occupancy of NADPH varied among the protomers of the tetramer, with the strongest density appearing in chains A and B. We note that this pattern of differential ligand occupancy (high in protomers A and B, low in protomers C and D) was observed in our studies of substrate and inhibitor binding to AfUGM, which also involved soaking the P6 5 22 crystal form used here. 20 The maps allowed the building of complete models of NADPH at nearly full occupancy (q = 0.9) in chains A and B ( Figure 2B) . In chains C and D of the tetramer, the density was strong for the ADP group but weaker for the nicotinamide riboside group. Therefore, only the ADP part of NADPH (q = 0.7) was modeled in chains C and D.
Strong density was also observed for NADH (Supplementary Figure S1A ). As in the AfUGM o -NADPH structure, differential ligand occupancy was evident. Complete models of NADH were built at q = 0.9 in chains A and B, while NADH was omitted in chains C and D. NAD(P)H binds to AfUGM o at the intersection of the three protein domains with the nicotinamide near the re face of the isoalloxazine and the rest of the dinucleotide directed toward the 200s substrate-binding flap (Figure 2A ). The nicotinamide riboside binding site overlaps that of the Galp moiety of the substrate ( Figure 3A ), and thus NAD(P)H and substrate binding are mutually exclusive. This result is expected since both NAD(P)H and UDP-Galp require access to the flavin N5 atom at the re face of the isoalloxazine. On the other hand, the AMP group of NAD(P)H and the UMP group of the substrate bind in different pockets on either side of Tyr104 ( Figure 3A ). NAD(P)H forms several interactions with AfUGM o ( Figure  2B and Supplementary Figure S1 ). The adenosine moiety occupies a hydrophobic pocket formed by Ile65, Phe66, Tyr104, and the nonpolar part of the side chain of Arg91. The latter residue serves as the floor of the adenosine binding pocket along with the main chain of Ile92 and the side chain of Ser93. The adenine base forms hydrogen bonds with Ser93 and Tyr317. Tyr104 of the pocket makes a hydrogen bond with the 2′-phosphoryl of NADPH. This side chain is rotated slightly in the NADH complex because of the absence of the 2′phosphoryl in NADH (Supplementary Figure S1B) . Otherwise, the binding sites of the NADPH and NADH complexes are identical within experimental error (Supplementary Figure  S1B) . The pyrophosphate is stabilized by electrostatic interactions with His68 and Asn457. Finally, the nicotinamide ring is wedged between Tyr453 and Asn457, and its carboxamide forms hydrogen bonds with Arg447 and Tyr419.
The nicotinamide is not optimally aligned for hydride transfer in the AfUGM o -NADPH and AfUGM o -NADH complexes. For reference, glutathione reductase, which also binds FAD using a Rossmann fold domain, demonstrates the expected orientation of the nicotinamide relative to the isoalloxazine (PDB code 1grb 32 ). In glutathione reductase, the nicotinamide stacks in parallel with the middle ring of the isoalloxazine such that the hydride transfer partners, C4 of NADPH and N5 of FAD, are separated by 3.2 Å. In AfUGM, the nicotinamide and isoalloxazine rings are not parallel, and the C4−N5 distance is 5.8 Å ( Figure 2B and Supplementary Figure S1 ). The observed arrangement of the hydride transfer partners may result from the adventitious binding of a sulfate ion in the active site ( Figure 2B and Supplementary Figure S1) . Alternatively, the observed complex could represent a transient species that precedes the active hydride transfer complex. This possibility is supported by the observation that the 30-min soak in NADPH generated the reduced enzyme with the dinucleotide dissociated (vide inf ra), implying that NADPH moves from the observed conformation to the active one. Baeyer−Villiger monooxygenases provide precedent for this phenomenon, which is known as the "sliding cofactor" model. 33, 34 Guided by the constraint of pro-R stereochemistry determined from KIE measurements, we generated a model of the hydride transfer complex. Using only dihedral angle rotations and keeping the ADP fixed, it was possible to bring the re face of the nicotinamide in contact with the isoalloxazine such that the hydride transfer partners are separated by 3.1 Å (Supplementary Figure S2) .
Assignment of the Flavin Redox State. As described previously, the conformations of oxidized and dithionitereduced AfUGM are dramatically different, and these structural differences can be used to deduce the flavin redox state in lieu of microspectrophotometry. 20−22 Briefly, the oxidation state of the FAD can be deduced from the conformation of the conserved histidine loop (Gly61-Gly62-His63), the identity of the hydrogen-bonding partner of the flavin N5 (Arg327 for FAD, Gly62 for FADH − ), the orientation of Trp315, and the To establish the conformation of the NADPH-reduced enzyme, the 2.2 Å resolution structure of AfUGM was determined from a crystal of the oxidized enzyme that had been soaked for 30 min in 100 mM NADPH. The yellow color of the crystal was completely bleached, which is indicative of full reduction of the crystalline enzyme. The NADPH-reduced and dithionite-reduced (PDB code 3utf) structures are very similar (RMSD = 0.24 Å). Furthermore, the structural indicators of the flavin redox state in all four chains of the NADPH-reduced enzyme are consistent with the reduced flavin state. In particular, His63 is located on the si face of the isoalloxazine, where it forms hydrogen bonds with Gly61 and the ribityl chain ( Figure 4A ). Furthermore, Gly62 accepts a hydrogen bond from the flavin N5 atom. This interaction is diagnostic of the reduced flavin because the main chain carbonyl is an obligate hydrogen bond acceptor, and N5 is a donor only in the reduced state. Lastly, at 2.2 Å resolution it is possible to discern the 7°bend of the isoalloxazine ( Figure 4A ). All of these structural features are also observed in the structure of dithionite-reduced AfUGM, as shown by an overlay of the NADPH-reduced and dithionite-reduced active sites ( Figure  4A) .
The structural indicators of the redox state clearly show that the flavin is oxidized in the NAD(P)H complexes. At 2.75 Å resolution, it is difficult to discern the curvature of the isoalloxazine, so the protein conformation is a better indicator of the flavin redox state. In particular, His63 is near the pyrimidine portion of the isoalloxazine and oriented parallel to Trp315 ( Figure 4B ). As noted by van Straaten et al., 22 this particular arrangement of these two side chains occurs in AfUGM o . We note that the position of His63 in AfUGM o and AfUGM r differs by 7 Å (Figure 4C ), which is clearly resolvable at 2.75 Å resolution. Furthermore, Arg327 donates a hydrogen bond to the flavin N5 in AfUGM o -NADPH ( Figure 4B ). This hydrogen bond is diagnostic of the oxidized enzyme because Arg is an obligate hydrogen bond donor and N5 is an obligate acceptor only in the oxidized state. In summary, the flavin is oxidized in the structures determined from the short soaks in NAD(P)H, implying that the trapped species represents the oxidized enzyme complexed with the reduced coenzyme.
Mutagenesis Studies. Site-directed mutagenesis (to Ala) was used to assess the importance of selected residues in the NAD(P)H binding site ( Table 2 ). Three mutations have pronounced effects on the kinetics of reduction (R447A, R91A, and S93A). Mutation of Arg447, which interacts with the nicotinamide carboxamide, lowers the catalytic efficiency by a factor of 2000. This result is consistent with Arg447 helping to guide the nicotinamide into position for hydride transfer. Arg91 and Ser93 are on the 90s loop, which forms the base of the adenine binding pocket. The R91A and S93A mutations decrease efficiency 125-fold and 14-fold, respectively. These results are consistent with the 90s loop helping to anchor the adenosine moiety. Mutation of Tyr104 or Tyr317, which interact with the adenine base, decreases the catalytic efficiency 3-fold. This result is consistent with these residues playing ancillary roles in binding the adenine. In summary, Arg447 and the 90s loop, which are located at opposite ends of the NADPH binding site, appear to be essential for efficient activation of AfUGM by NADPH.
■ DISCUSSION
The structures reported here provide the first images of a UGM complexed with NAD(P)H. All of the residues within 3.9 Å of NADPH are identically conserved in other eukaryotic UGMs, including TcUGM and Leishmania major UGM, two enzymes that are of interest for the design of drugs to treat Chagas disease and leishmaniasis, respectively (Supplementary Figure  S3 ). This level of sequence conservation suggests that the identified binding site is physiologically relevant and present in other eukaryotic UGMs. Site-directed mutagenesis provides additional validation of the site; mutation of residues contacting NADPH decreases the catalytic efficiency of FAD reduction by factors of 3−2000 ( Table 2 ).
The NAD(P)H site of AfUGM is probably different from that of bacterial UGMs. Notably, none of the residues that contact the AMP half of the dinucleotide are present in the sequences of bacterial UGMs. Furthermore, overlaying NADPH from our structure onto K. pneumoniae UGM reveals severe steric clashes with an active site loop (Supplemetary Figure S4 ). The absence of the high affinity NADPH site described here for AfUGM may explain the low activity of bacterial UGMs 13 with NADPH. For example, we have estimated k red for Mycobacterium tuberculosis UGM to be only 0.00002 s −1 (Supplemetary Figure S5) , which is several orders of magnitude slower than AfUGM and TcUGM.
Finally, the AfUGM o -NADPH structure provides new opportunities for inhibitor design. One possible strategy is to target the NADPH site of AfUGM o in order to lock the enzyme in the inactive state. Alternatively, the active, reduced enzyme could be targeted because the ADP site is also present in AfUGM r ( Figure 3B ). Retention of the ADP site in the reduced enzyme reflects the fact that several residues that contact the ADP moiety have similar conformations in AfUGM o and AfUGM r , including Ph66, His68, Arg91, Ser93, Tyr104, Tyr317, Asn457, and His460. Both strategies are attractive because one could repurpose existing adenosine analogues. Lastly, although the binding of NADPH and UDP-Galp is mutually exclusive, the adenine and uracil pockets are distinct and separated by 6 Å (Figure 3 ). Thus, it may be possible to design novel bidentate compounds that simultaneously access both pockets. Hexagonal crystals of AfUGM were grown as described previously (1) . Briefly, the crystals were grown using the sitting drop vapor diffusion method with a reservoir solution containing AfUGM o is shown with domains 1, 2, and 3 colored blue, yellow, and green as in Figure 2A , NADPH colored pink, and FAD in yellow. KpUGM is colored white. Selected side chains of the 180s loop of KpUGM are shown. Note that these residues occupy the space corresponding to the AMP group of NADPH, which suggests that the NADPH binding sites of KpUGM and AfUGM are different.
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